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Abstract 
 
Since the 1960s, numerous cases of induced seismicity have been associated with reservoir 
impoundment, mining and the injection of fluids into the subsurface [National Resources Council, 
2012]. In recent years, fluid injection activities have intensified as a result of growing shale gas 
production, enhanced oil recovery, disposal of produced waters in dedicated injection wells, enhanced 
geothermal systems operations, as well as carbon dioxide sequestration. In addition to a rise in the 
volume of fluid injection, a documented increase in the rate of M3.0 and greater earthquakes in the US 
has been observed in the midcontinent since 2001 [Ellsworth et al., 2013]. Many of these earthquakes 
occurred near areas of wastewater disposal in Arkansas, Colorado, New Mexico, Oklahoma, and 
Texas. This study seeks to connect a swarm of recent earthquakes in the Delaware Basin which straddles 
the New Mexico-Texas border. Using a match filter, I construct a template from previously observed 
earthquakes. My results expanded existing catalogs in the region by a factor of 1.5. The updated catalog 
supports the spatial and temporal connection between earthquakes and injection activity. 
Introduction 
 
i. Induced Seismicity 
 Induced seismicity, or earthquakes produced by anthropogenic activity, is increasingly observed 
in the western United States. Previous induced seismicity studies found that earthquakes can be 
triggered when fluid pressure decreases the normal stress on a given fracture and allows the structure 
to release previously existing tectonic stress. In August, 2008, 9 earthquakes were observed in the New 
Mexico – Texas Delaware Basin [Jenny Nakai, personal communication]. They are suspected to have 
been triggered by deep injection of waste water fluid from energy production. It is currently impossible 
to use seismology to differentiate between anthropogenically induced and naturally occurring 
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earthquakes [Ellsworth 2013]. However, spatial and temporal evidence of observed seismicity can be 
used to associate these earthquakes with human activity. Several variables including regional structural 
geology, stored tectonic stress, and injection volume shape the timeframe of when earthquakes can 
potentially be triggered. They also serve as the link between anthropogenic activity and observed 
seismicity. Earthquakes can occur shortly after production begins to several years after activity ends 
[Ellsworth 2013]. This study will explore a possible correlation between wastewater disposal in the 
Dagger Draw area and nearby earthquakes. My study draws on two previously created catalogs of an 
earthquake swarm in the Dagger Draw area by Pursley et al., 2013 and Nakai, (in prep.). By examining 
data collected at two EarthScope Transportable Array (TA) seismometers within the region (Figure 1 - 
supplementary material), I used a match filtering technique to distinguish between noise and small 
magnitude earthquakes that would otherwise be undetected. By creating an extensive catalog of 
seismicity in the region, I have been able to better constrain the spatial and temporal origin of these 
earthquakes. The results suggest that these earthquakes were triggered by anthropogenic activity. 
ii. Wastewater and Deep Injection of Fluids 
The study will examine deep well injection of large amounts of fluids into deep basal sediments 
as primary sources for potential induced seismicity. Secondary production of both conventional and 
unconventional reservoirs often includes stages of high pressure injection of carbon dioxide or water. A 
subsidiary of the United States Environmental Protection Agency (EPA), the Underground Injection 
Control (UIC) classifies wells by chemical composition and depth relative to underground sources of 
drinking water (USDWs). Class I wells inject at the greatest depths. These wells typically target 
hydrocarbon production and are less often associated with fluid storage.  Class II wells are storage wells 
for brines, hydrocarbons, and byproducts of US petroleum industry production. There are over 172,068 
Class II wells in the US [UIC 2012]. Nearly 110,000 class II wells are associated with enhanced resource 
recovery through CO2 or water flooding. Much of the remainder of class II wells are associated with 
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wastewater disposal [Ellsworth 2013]. The majority of Class II wells do not exhibit any induced seismic 
events. However, those most susceptible to triggering earthquakes are wells which inject fluid into deep 
basal sedimentary formations adjacent to bedrock [Ellsworth 2013]. This activity has been observed to 
trigger earthquakes. It is a potential cause of the seismicity observed in Dagger Draw, New Mexico. The 
wells observed in this study inject what is classified as a saltwater brine that was a product of energy 
production: both conventional drilling and hydraulic fracturing [UIC Injection Data 2013]. 
 
iii. Historical Cases of Induced Seismicity 
Ellsworth 2013 follows several case studies of deep high volume injection similar to this study. 
This is beneficial to my study in the Dagger Draw field because it traces wells of the same profile. In the 
early 1960’s a hazardous chemical waste well was drilled at Rocky Mountain Arsenal north of Denver, 
CO [Healy 1968]. The well was operational from 1961 to 1966. Over these six years 13 earthquakes of 
magnitude 4 or larger were observed and recorded by residents living near the well [Ellsworth 2013]. 
Earthquakes were observed after activity stopped until the 1980’s. A magnitude (Mb) 4.3 earthquake 
was observed on April 2nd, 1981 [Ellsworth 2013]. Earthquakes associated with the injection at Rocky 
Mountain Arsenal were observed up to 10 km from the well [Ellsworth 2013]. What is important to 
grasp from this study is that the end of injection activity does not necessarily mean the end of observed 
seismicity and that earthquakes caused by deep injections can be felt relatively far from the epicenter. 
In the study, earthquakes recorded during periods of little or no injection volumes are still considered to 
be possibly associated with prior activity and therefore relevant to the study.  
As a response to the series of earthquakes observed at the Rocky Mountain Arsenal, Denver, CO 
the USGS carried out a controlled experiment in the Rangley oil field on the Western Slope of Colorado 
[Simpson 1986]. The fluids injected into local formations were intended for secondary recovery of oil. 
This study found a connection between the fluid injection and the observed seismicity. Injection 
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pressures were measured and controlled. The lithology of the area was documented extensively and 
tested in a lab using chemical analysis of core samples. The study observed an increase in the pore 
pressure of the sandstone formation from 170 bars to 260 bars. Applying this 90 bar increase to the 
Mohr – Coulomb stress criterion was enough for fractures to fail. Oil production and recovery activity in 
the area was operating at approximately 275 bars. Ultimately, the study found that raising and lowering 
the pressure in the formation was directly linked to observed seismicity [Raleigh et. al, 1976].  
It has also been suggested that remote earthquakes of large magnitude could possibly trigger 
earthquakes in areas of high pressure injection by bringing the rock structure closer to critical failure 
[Van der Elst, et. al, 2013]. As injection volumes increase the pore pressure fluid in the formations, the 
normal stress within the formation is reduced and the structure is brought closer to its critical point. An 
applied dynamic stress from a remote earthquake could bring the system to failure and therefore 
produce an earthquake. Van der Elst (2013) examined three regions of high volume injection: the 
Cogdell Oil Field, Snyder, TX, Prague, OK, and Trinidad, CO and their seismic response to three high 
magnitude earthquakes: Tohoku-oki (April 2011), Sumatra (2012), and Malaue (2010). All three fields 
experienced increased seismic activity within a week of each of the three major earthquakes [van der 
Elst 2013]. Of particular note near Prague, OK, pressure within the rock structure likely accumulated 
slowly as fault traps populated the region. This is of greater concern because the possibility of a 
reservoir creating a steady increase in pore pressure could lead to larger magnitude earthquakes 
[Ellsworth 2013]. This study shows the importance of understanding how in situ stress within the 
formation could make the structure more susceptible to failure. 
 
iv. Fault Stress in Continental Interiors 
 Earthquakes occur as tectonic stress accumulates on structures with the lowest stress 
resistance, faults. Energy from tectonic activity triggers an ultimate release of the preexisting stress in 
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the rock structure. Continental interior regions far from plate boundaries, pre-stressed rock is a 
requirement for any seismicity to be triggered by fluid injection [Simpson 1986]. This accretion and 
release of stress within faults is typically cyclic [Simpson 1986] and expected to occur most commonly 
along plate boundaries at rifts, transform faults, or subduction zones.. The probability of an earthquake 
occurring in an area without induced seismicity is P = LT/RT where RT is the typical repeat time during 
earthquakes and LT is the lifetime of the structure [Simpson 1986]. When induced stress occurs, the 
lifespan of the cycle is shortened and the period when the rock is susceptible to failure increases. The 
probability of failure is increased by a factor of β where P= βLT/RT [Simpson 1986]. Natural process 
which would increase the stress is rapidly jolted towards failure. With injection, the amount of shear 
stress required for structural failure decreases [Simpson 1986].  
 
v. Induced Seismicity Applied to the Coulomb Failure Criterion  
Stress within the rock structure can increase with applied elastic stress and pore fluid pressure. An 
examination of the Mohr – Coulomb failure criterion for the lithology of a particular region serves as a 
simplified model of how the rock structure responds to applied stress as well as provides an estimate for 
the amount of applied stress to bring the rock to failure.  As seen in Figure 2, the y axis is the shear 
stress, σs and the x axis is the normal stress, σn. The following equation linearly relates normal stress to 
applied shear stress in dry rock. The negative of the equation forms the other side of the failure 
envelope for dry rock: 
  
[Simpson 1986] 
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The diameter of the plotted circle reflects the principal stress axis, σ1, and minimum stress axis, σ3 as 
plotted along the normal stress axis. The minimum and maximum stress axes are a product of the 
conjugate joint fractures of a fault system (Figure 3). The rock is considered to be stable if it is within the 
failure envelope, at critical stress when it is tangent to the failure envelope, and unstable when it 
exceeds the failure envelope.  
Figure 2. Mohr – Coulomb Failure Criterion shows how changes in the principle stress axes σ3 and σ1 will 
affect the stability of the rock structure. This is a simplified but useful model for determining how 
responsive a formation is to applied stress [Fossen 2010]. 
 
Figure 3: Conjugate Stress Axes: For normal faults σ1 bisects the acute angle (from the vertical), σ3 
bisects the obtuse angle (horizontal), and σ2 parallels the two intersections. The opposite is true for 
reverse thrust faults. This is known as Hartman’s Rule [Fossen 2010]. An understanding of how normal 
stress will affect rock structure through conjugate stress enhances our theoretical understanding of how 
rock will fail under applied stress. 
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A more realistic of rock failure, as seen in Figure 4, requires modifications to the linearly defined 
failure envelope. Griffith’s Theory of Fracture [Fossen 2010] modifies the criterion to have a curved 
failure envelope. This is because micro fractures, voids, and grain boundaries naturally cause the tensile 
stress to be less than the theoretical isotropic stress. If fluid pressure exists within the rock, the failure 
criterion becomes: , where P is fluid pressure. In the case of wastewater disposal, 
the increased fluid pressure decreases the amount of normal stress necessary to bring the rock to 
failure. This is essentially the Von Mises Failure Criteria, which states that for situations of pressure or 
temperature, the rock responds more plastically to induced differential stress. This happens for shear 
planes where . Since the coefficient of friction is equal to the tangent of the shear plane 
angle, , friction is zero and the equation that defines the failure envelope becomes a linear 
constant ( ). Increases in pore pressure from wastewater disposal will not change the diameter 
of the Mohr circle, rather decrease its position on the x-axis, bringing it closer to the outside of the 
failure envelope. However, increasing tectonic stress increases the difference between the principal 
stress axes and increases the diameter of the plotted Mohr circle. 
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Figure 4. Mohr – Coulomb Failure Criterion modified under Griffiths’s Theory of Fracture and Von 
Mises Failure Criterion. [i.] This zone displays how Griffiths’s Theory of Facture modifies the failure 
envelope to behave as a parabola. This is necessary because natural imperfections and irregularities 
within the rock will bring the structure to failure for greater normal stresses than the linear model. 
Shear stress is proportional to the square root of Young’s Modulus over the area applied (Eγ). [ii.] shows 
where the increasing or decreasing failure envelope still applies. [iii.] Von Mises Failure criterion states 
that for Φ ≥ 450, µ is small enough that shear stress can be equated to the material’s shear strength 
constant, τo. This is reflective of a change from ductile to plastic deformation at increasing pressures and 
temperatures. Friction will be negligent. 
 
 In conclusion, there are two theoretical possibilities (Figure 5) that would cause a rock to exceed 
the failure envelope. Increases in deviatoric stress expand the diameter of the Mohr circle, bringing it 
closer to critical stress. Increases in pore pressure decrease the normal stress, also bringing the structure 
closer to failure. Theoretically, fluid injection of wastewater would increase pore pressure, making the 
structure more susceptible to failure from stress triggers. Alternatively, loading of a subsurface reservoir 
from the injected fluid would increase deviatoric stress on surrounding stress. Large volumes of fluid 
injected into the rock are distributed through small stresses in the porous rock matrix. Failure due to 
pore pressure is thought to dominate in this region of study [Simpson 1986]. In theory, if pore pressure 
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build up induces earthquakes, then when the injection stops, the pressure should drop, albeit slowly. 
This was observed in at the Rocky Mountain Arsenal in Denver, CO [Rayliegh et al., 1976]. However, as 
pressure decreased, more earthquakes were observed at shallower depths as the pressure dissipated 
from the injection site. Our study seeks to show a similar relationship. 
Figure 5: Theoretical Stress Scenarios for High Volume Deep Fluid Injection. [A] Center of Mohr circle is 
preserved along the normal stress plane as the radius increases. The circle grows as the difference 
between the major and minor principle stress axes grow. The pressure on the acute angle of the 
conjugate fault pair grows, bringing the rock closer to failure. This would happen with increased applied 
stress. This is reflected in the stress criterion diagram as the growing radius brings the Mohr circle closer 
to the stress envelope. [B] The radius of the Mohr circle (difference between major and minor principle 
stress axes) remains the same as the position of the center of the circle decreases. Less stress is 
necessary for the structure to fail. This could be reflective of increases in pore pressure which would 
decrease the normal stress, bringing the circle towards smaller values of shear stress. [C] shows an 
increase in the radius of the circle and a decrease in the normal stress on the system. By both agents, 
the structure is brought closer to failure. 
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vi. Energy Production in the South Dagger Draw Field, NM 
The South Dagger Draw Field extends from the southeast corner of New Mexico into northwest 
Texas in the Seven Rivers Embayment of the Guadalupe Mountains. Outcrops of the target production 
formations are exposed at the surface near the Big Hatchet Mountains, NM [Tinker, et. al, 2004]. The 
formation combines with the northern extension of the Indian Basin Field. As of 2001, the Indian Basin 
and South Dagger Draw fields have produced over 23 million bbl of oil and two tcf of gas [Tinker, et al, 
2004]. The play is a structural and stratigraphic trap. Hydrocarbons are stored in a carbonate matrix of 
vugs. Vugs are small pores within carbonate structures [Tinker et al, 2004].  The Huapache fault zone 
which trends NNW to SSE is 8 to 16 km west of the Dagger Draw field. This series of faults produces the 
highest points of structures both at the surface and within the reservoir. The northern part of the 
Dagger Draw field is oil producing while the rest contains possible unconventional hydrocarbons. Oil and 
water well spacing varies from 40-to 80 acres. The reservoir is characterized by low porosity, ranging an 
average of 6% throughout the formations. Matrix permeability is low, making much of the Dagger Draw 
field an unconventional reservoir [Tinker, et. al, 2004].  
Wastewater wells inject into the deepest sedimentary formations [UIC]. These include the 
Ellenberger, Upper Pennsylvanian, and Devonian. Proximity of fluid injection to basement rock makes 
this activity particularly susceptible to earthquakes. Unlike the more viscous and ductile mantle, the 
crust has a brittle structure. As a result, shear stress increases greatly with depth. Fluids injected at 
these depths are surrounded by stronger fields of stress than shallower injection sites [Ellsworth 2013]. 
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Figure 6 (Figure 2 Tinker et al., 2004). Span of South Dagger Draw Formation: The study will focus on 
the South Dagger Draw formation in southeastern New Mexico. The formation joins the Delaware and 
Midland Basins in western Texas. The South Dagger Draw is currently considered an unconventional 
reservoir undergoing secondary production [Tinker et al., 2004]. 
 
vii. Geologic History and Development of Structural Geology of the South Dagger Draw Field, 
New Mexico 
 
The formation of the South Dagger Draw Field is related to a convergent front during the Ouachita 
Orogeny. This was active predominantly from the Pennsylvanian to the Early Permian [Yang and 
Dorobek, 1995]. The deposition and creation of the reservoir is due to a transgressive ocean. The 
glaciation of the continent Gondwana during the Pennsylvanian prompted great changes in sea level 
[Goldhammer, 1994]. The creation of the ice sheet and its subsequent melting affected the geologic 
setting of the area and ultimately created the toe of slope, complex sigmoid oblique topography that is 
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visible within the formations [Tinker, et. al, 2004].
 
Figure 7  [Figure 6 Tinker et al., 2004]: Illustration of reservoir structure and materials in the South 
Dagger Draw formation. Mudstones and shales are the reservoir trap. The structure of the reservoir is a 
complex sigmoid oblique and reflects transitions between high and low energy environments [Palaz, et 
al., 1997] consistent with eustasy during the Permian and Pennsylvanian [Tinker, et al., 2004].  Blue 
arrows indicate pathways for hydrothermal fluid to move throughout the formation. These more acidic 
fluids created mushroom shaped reservoirs. Caves and vug matrices formed in the blue areas. 
Dolomization, as shown in yellow, reduced permeability in the formation and likely happened during 
periods of rising sea level [Tinker et al., 2004]. 
  
The initial glaciation during the Carbiniferous – Permian led to a worldwide decrease in sea level. 
During this lowstand terrigenous material such as silt, clay, and other organic material began to 
accumulate at the edge of the receding shores. Core data shows that this happened in a low energy 
environment and that the deposits were at depths of no greater than 10 m. Core data also suggests 
strong evidence for a eustasy complex [Yang and Dorobek, 1995]. Samples from part of the sigmoid, 
oblique progading clinoform show that the ramp that defined sea level became steeper during the 
period of lowstand. Crinoid fusulinid wakestones were deposited on the shallow ramp and crinoid 
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fusulind packstones on the middle to inner ramp [Tinker, et al, 2004]. A discontinuity in the core record 
suggests that carbonate sedimentation either stopped. It is also possible that due to the steep angle of 
the ramp, the carbonates were exposed and possibly eroded, however core data shows almost no signs 
of meteoric diagenesis or karst [Tinker, et al, 2004]. Ultimately this transformed into the black organic 
rich shales and carbonate mudstones that were deposited. Acidic hydrothermal from waters below 
formed vug networks and fractures from the shoreline to the shallow inner tidal zones. Mounds from 
rising water that was trapped under carbonates generated mushroom shaped dolomization and caves. 
These high areas are the greatest zones of vugs. Therefore, the most hydrocarbon rich reservoirs are 
around fracture zones that allowed hydrothermal fluids to move throughout the formation and create a 
more permeable matrix. The overlain less permeable shales and mudstones acted as a trap for both 
hydrocarbons and geothermal fluid flowing through the rock structure. The trapped fluid was able to 
further move around below the surface and expand the reservoir. The fractures where hydrothermal 
fluids moved upwards produce good areas vertical permeability within the reservoir as well [Lucia 1983]. 
At the end of the period of high sea level algal boundstone, bioherms, biostromes, and crinoid, fusulinid, 
packstone intermound deposits accumulated [Tinker, et al, 2004]. 
As the glacier began to melt and marine flooding increased, encroaching waters brought forth 
further carbonate sedimentation. However, much of the terrigenious material that was deposited 
dissolved easily and was removed from the system. As these areas became deeper and cooler water 
mixed with hydrothermal fluids, vugs and fractures that allowed the flow of hydrothermal waters were 
filled with low permeable dolomite cement. This decreased matrix permeability by filling vacant spots 
within the formation [Tinker, et. al, 2004]. 
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Figure 8 (Figure 1 Tinker et al., 2004): Geologic History of the Permian Basin in West Texas and 
New Mexico. Target formations for production in the Dagger Draw field include the Cisco and Canyon 
formations. Both sedimentary formations were deposited during the Pennsylvanian and reflected a 
transgressive oceanic environment. 
 
viii. Potential for and Observed Induced Seismicity 
The Dagger Draw Field is suspect to induce seismicity. Increasing activity of wastewater disposal 
near basal sedimentary formations increase the potential of earthquakes by exposing brittle formations 
to greater stress and greater pore pressure. New Mexico Tech’s catalog of earthquakes in the Dagger 
Draw region (Table 3) show increasing seismic events with increasing injection activity [Pursely, et. al, 
2013]. Another swarm was observed in August 2008 in the Dagger Draw area (Table 2, Nakai [in prep.]). 
Figure 9 shows depths and magnitudes of earthquakes observed in the Dagger Draw area. Earthquakes 
range in depth from 19 km to at the surface, though depth errors may be large due to large station 
spacing. The seismic record is complete down to magnitude 3. Our study hopes to confirm these 
observed earthquakes as well as find additional smaller magnitude earthquakes that could be caused by 
anthropogenic activity.  
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Figure 9: Earthquakes observed in the Dagger Draw Basin: [Left] Recorded depths relative to sea 
level (Table 2). Depths rang from surface to below fluid injection site. [Right] Earthquake magnitudes 
observed in the Dagger Draw area. Many are greater than Mb 2.5. 
 
Methods 
 
i. Overview of Match Filter 
A matched filter is a method of signal processing used in this study to identify small magnitude 
earthquakes in the seismogram record. A template is created using a known signal, in this case, an 
observed earthquake. It is correlated with waveforms from the TA seismometers. Large jumps in the 
cross correlation (greater than 0.8) indicate a match and therefore the possibility of an earthquake.  The 
advantage of the match filter is that it allows a relatively efficient scan of the seismic record and is able 
to identify very small magnitude earthquakes (M < 2) [Van der Elst, et. al (SM), 2013]. Our match filter 
runs in Matlab and pulls TA station seismic data from the IRIS database using the irisFetch Java Applet 
for Matlab. 
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ii. Template Construction and Station Selection 
The Matlab code looped through 29 templates and ran a cross correlation with two stations. I 
constructed templates using data from eight earthquakes observed in the Dagger Draw area [Table 2] as 
well as 21 earthquakes found by New Mexico Tech [Table 3] [Pursley, et. al, 2013]. I found that using a 
longer duration time period was more successful. Looking at seismometer data surrounding each event, 
extending the length of the match filter from 10-20 seconds consistently captured the earthquake much 
better than the 5-15 second window. Van der Elst, et. al, 2013 found similar results when they extended 
the window of their template. Besides the visual confirmation, this is likely because with a longer 
duration template, waveforms with low amplitude P-waves which are close to very high amplitude – S-
waves can be detected [Van der Elst, et. al (SM), 2013]. Shorter duration templates would attribute this 
peak as noise and smooth the frequencies so that the earthquake would be undetected.  
The Incorporated Research Institutions for Seismology (IRIS) provides access to data from a wide 
variety of seismic networks. This study will utilize data from the EarthScope Transportable Array (TA) 
project. As displayed in Figure 1, the stations of focus (125A and 126A) was chosen due to their 
proximity to observed earthquakes in the region as well as for the continuity of the data. I used data 
from March 26th, 2008 to December 26th, 2009. Data is nonexistent for the TA network before or after 
this time period as the stations are moved approximately every two years as part of the EarthScope 
project. 
iii. Band Pass Filter 
The waveforms from the seismic stations are recorded in the time domain. Time is the independent 
variable and amplitude, or how much the seismogram is moved in the X (E), Y (N) or Z (vertical) 
coordinate, is the dependent variable. Figure 10 shows the three planes of a seismogram for an event. 
Our study will look at the vertical component of the seismogram (the z plane). The vertical component 
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waveform is scaled based on the station sensitivity before it is translated to the frequency domain using 
Matlab’s Fast Fourier Transform (fft) function. The frequency domain is scaled by the sampling rate and 
the FFT output is squared. A double log plot of the frequency and power defines the spectral plot of the 
August 12th, 2008 event. Figure 11 shows this for the same event as Figure 10. The spectral plot is a 
smoothed output of the FFT (NIST, Spectral Plot). The FFT operates on discrete points. The sampling rate 
for TA stations is 40 samples per second. The spectral plot shows how frequency is related to sampling 
rate. The spectral plot provides a survey of the frequencies in the waveform. Enlarging the time window 
around the event from fifteen seconds to 30 shows the influence of noise on this plot. Figure 11 displays 
the dominance of these low frequencies. This is useful to decide how to eliminate noise. 
 
Figure 10. The X (E), Y(N), and Z planes of seismometer TA 125A for an event are plotted below. X and Y 
planes show arrivals prior to Z plane. Waveforms are pre-processed. 
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Figure 11. Double log plot of frequency and power of the z plane seismogram for August 12th, 2008 
earthquake. Periodogram shows maximum amplitude at around 10 Hz a minimum at zero as expected. 
  
Before the data is ran through the bandpass, it is linearly detrended. In the frequency domain, the 
band pass filter selects frequencies based on a set range. As shown in Figure 12, a high pass filter selects 
frequencies above a set threshold and attenuates frequencies below.  
 
Figure 12. From left to right, a basic low-pass, high-pass, and band-pass filter. In the frequency 
transformed domain, each filter selects only the frequencies below the curve and eliminates the rest as 
noise. This study will use a band pass filter, however, it will capture more high range frequencies. 
 
A low pass filter does the opposite. The band pass filter I used sets a low and high threshold, then 
assigns frequencies below or above this range (greater than 8 Hz and less than 6 Hz) as noise and 
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eliminating them from the frequency transformed waveform. A Butterworth filter is optimal for this 
study because it runs as flat as possible once it reaches the cutoff frequencies. The Butterworth filter is: 
, where
 
ω is frequency, and Δω is the change in frequency over the bandpass (2 Hz) 
H is similar to the dirac delta function and is applied to the transform using the convolution theorem. In 
the time domain, f(g*h) which is equal to the transform of F(ω)H(ω) in the frequency domain.
 . 
For a highpass, and for a lowpass, . On 
the lefthand side of the equation for the transform, ffilt(t), combining with h will be one where the 
equation is defined under the band-pass and zero everywhere else. This is not obvious because ffilt(t) 
appears to only be a function of f. This is expected because, as stated, h in the time domain is a 
constant. 
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Figure 13: [Signal Processing in Geophysics] The effect of a Butterworth band-pass filter on a spike. 
The upper left panel shows a spike at 0.5 seconds. For increasing values of n, I see that the spike is 
further transformed as higher orders of the filter are passed through the data. 
 
Butterworth filters are also zero phase filters. This is particularly important when returning to the time 
domain. This is apparent in Figure X as the point of highest amplitude in each panel is not shifted after 
the band – pass. Data will not be phase shifted as a result of the band-pass and I can have confidence in 
the times I see in the transformed waveform. Butterworth filters can also be applied to low-pass and 
high-pass filters as well. Four this study, the Butterworth filter provides the best approximation for the 
band-pass filter because it will most quickly eliminate frequencies around the set low and high pass 
without capturing unwanted signals. This is slightly higher than the 6 to 8 Hz band pass that was 
originally ran. This greater success at higher frequencies likely has to do with the distance from the 
station to where the earthquake was triggered. If a station is close to a source, it is more likely to pick up 
higher frequencies. This is because the energy from the shock will have less range to attenuate. The 
seismogram will observe higher amplitudes and frequencies than if it were further from the 
earthquake’s source. 
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iv. Cross Correlation 
 
The cross correlation between the filter and the continuous data from the seismometer is a 
normalized two dimensional cross correlation. I use a normalized cross correlation to eliminate the 
possibility of large amplitudes giving a stronger match than smaller amplitudes. It is essentially a sliding 
functional dot product which works in the frequency domain. The function Φxy is a normalized cross 
correlation of functions x and y, τ =ω (frequency) [Wilcock 2014]. 
 
The absolute value of Φ is necessary because the magnitude of the cross correlation is significant 
regardless of sign. 
 Cross correlation values range between 0 and 1. This study initially accepted that waveforms 
with a cross correlation value of 0.8 and greater were matches to the template. Lowering the cross 
correlation coefficient to 0.6 increased the amount of matched earthquakes (Figure 14). However, these 
additional earthquakes were within seconds of or duplicates of the earthquakes found setting a 
tolerance of 0.8. They were eliminated from the results. Since a lower tolerance did not find any 
additional unique events, I conducted the remainder of the study with the original set tolerance of 0.8 
or greater. 
23 
 
 
Figure 14: Cross Correlation of Match Filter: [Upper] Cross correlation results for 2008-05-23 18:03:01 - 
18:03:21 [Lower: A, B, C, D] A. Event with 0.6 coefficient, B. Event with 0.7 coefficient, C. Event with 0.8 
coefficient, D. Event with 0.9 coefficient.   
 
Results 
 
i. Earthquake Catalog 
 
To check the validity of the match filter, I compared the program’s initial outputs to the 2013 New 
Mexico Tech catalog of events in the Dagger Draw sequence (Table 3: Pursley et al., 2013). Table 1 (see 
supplementary material) displays the results of the match filter for TA stations 125A and 126A. Bolded 
cells correspond with earthquakes found by New Mexico Tech as part of the Socorro Seismic Anomaly 
(Table 1: Pursley et al., 2013). The Socorro Seismic Anomaly happened the center of a portion of the Rio 
Grande Rift northwest of the Dagger Draw area. The match filter found some of the larger magnitude 
earthquakes from this area (Md greater than ~2.5). This is acceptable because with the relative distance, 
I expect the signal of such small earthquakes to attenuate significantly. Highlighted cells correspond with 
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earthquakes found in Table 3: Pursley et al, 2013. The match filter program successfully found all of the 
earthquakes in this table. Though I used the table as a source for templates (and would have a perfect 
match with the waveform for that time), I can be confident that these earthquakes were found 
independent of the template because our preliminary catalog contained duplicates at these times. Our 
catalog expanded the New Mexico Tech Catalog by 56 earthquakes from March 2008 to June 2009.  
Several catalog entries are within several minutes of each other. On October 13th, 2008, earthquakes 
at 13:52:30 and 13:54:47 were selected by the match filter. Looking at the station data (Figure 15), it is 
apparent that these are two distinct events. Looking at the periodigram for the two events also supports 
this. Frequency falls off quickly as in Figure 15. Earthquakes located within greater than five seconds of 
each other can be considered distinct events. 
 
Figure 15: Two Distinct Earthquakes October 13th, 2008: Shows that though there is less than a two 
minute time gap between the events, that they are in fact distinct. 
 
 
The primary station of interest was TA 125A. As mentioned previously, it was selected for its 
proximity to a previous swarm of earthquakes in the Dagger Draw area (Table 2). The second station I 
selected was TA 126A. Table 1 shows that all of the earthquakes detected from 126A matched those 
found in 125A, however the majority of the earthquakes from the first station were not picked up in the 
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match filter of 126A. Figure 16 below shows seismometer readings for both stations during an event. 
The arrival times show that 125A was much closer to the source of the earthquake than 126A. It is also 
clear that the signal lost a significant amount of energy when it reached 126A. The range of amplitudes 
of the second waveform is slightly less than the first, however the majority of the signal from 125A is 
reduced quickly. The event lasts 6s in 125A and 35s in 126A before the signal becomes insignificant (less 
than 0.5). This is likely related to the small amount of energy the observed earthquakes release. The 
energy is attenuated, reducing the signal and increasing noise. 
 
Figure 16: Seismic Event at TA 125A and 126A: Seismometer readings for August 12th, 2008 00:41:55 
event show how proximity to the source will affect the waveform. This is particularly evident in small 
magnitude earthquakes. Templates were therefore made from 125A data. 
 
  
 Monthly earthquake data in the Dagger Draw area (Figure 17) shows an increase and eventual 
decline in seismicity. From January 2008 to April 2009, the area experiences an average of 10 
earthquakes a month. It is difficult to assign a trend to the monthly data. June 2008 shows the greatest 
number of earthquakes (26), however May and July 2008 have significantly less (10 and 8). Looking at 
the cumulative earthquakes, it is more apparent that the amount of earthquakes in the area is not 
leveling off. Figure 17 shows a consistent presence of seismicity in the Dagger Draw Area. 
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Figure 17: 2008 – 2009 Seismicity in the Dagger Draw Area: [Upper] Monthly display of seismicity 
shows periods of increased and decreased seismicity. [Lower] Cumulative earthquakes since January 
2008 show a consistent increase. 
 
 
 
ii. Injection Data 
 
Three wells (3001526449, 3001526950, 3001529123) co-located with previously observed 
earthquakes (Figure 18 [Upper]) provide a better understanding of the activity and volume of fluids 
present near where the earthquakes are observed. Well 3001526449 and 3001529123 inject into the 
Ellenburger (4.7 km, UIC). 3001526950 injects into Denovian sandstone. All three wells inject into the 
deepest sedimentary formations close to basement rock.  
Data from each of the nine New Mexico deep wastewater injection wells used in this study shows a 
consistent increase in volume from 1998 – 2000. Activity fluctuated from 2000 – 2008 before finally 
decreasing (Figure 18 [Middle]). Cumulative fluid injection (Figure 18 [Lower]) shows that injected fluid 
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has leveled off which is consistent with a decline in activity. However, the amount of injected fluid 
within the formations will take time to dissipate and the majority will remain within the rock structure 
[Simpson 1986]. An understanding of the amount of fluid present in a formation is essential to 
understanding pore pressure and in situ stress. The likelihood of remote triggering could bring the 
structure to failure despite the end of injection activity [Van der Elst, 2013]. 
Figure 18: Well Injection Data for the Dagger Draw Area. [Upper] Monthly fluid injection for three wells 
co-located to previously observed seismicity. Each well varies in monthly volume injected, however, all 
three show the onset and decline of production. [Middle] Monthly fluid injection for the sum of all nine 
wells used in the study. This also shows the same onset and decline of activity. [Lower] Cumulative 
volume of wastewater injected. Volume becomes constant after 2009. 
 
 
 
iii. Anthropogenic Source 
 
 
Increases in observed seismicity with increasing injection activity suggest induced seismicity (Figure 
19). Additions to the Dagger Draw earthquake catalog support this. As expected, [Simpson, 1986] 
seismic events still occur despite declines in injection activity. It is important to look at the entire 
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injection history when considering the earthquakes found in Table 1 as previously injected fluid within 
the formation will affect the likelihood of triggered seismic events. Cumulative injection data (Figure 19, 
Lower) levels off while cumulative earthquakes continues to increase. Earthquakes observed from 1998 
to 2007 (Figure 19, Upper) fluctuate consistently with injection activity. Both catalogs suggest that the 
amount of seismic events was a product of injection volume.  
 
 
 
Figure 19: Injection History and Observed Earthquakes: [Upper] Injection history for all nine wells and 
earthquakes. [Lower] Earthquakes found in this study (Table 1, spans 2008 - 2009) and injection history 
of three co-located wells to Dagger Draw seismicity.  
 
 
Due to the brevity of TA seismometer deployment in the Dagger Draw basin, the match filter 
catalog only spans from 2008 – 2009. Figure 20 shows the historical injection volume and the results 
from the match filter (table 1). Despite a time lag of approximately four months, the earthquakes are 
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consistent with injection data. We expect that expanding the timespan of the match filter analysis to 
other continuous seismometer networks would agree with the trends observed from the TA station 
outputs. Regardless, the current catalog does support the possibility that these earthquakes were 
triggered by injection activity.  
  
 
 
Figure 20: Found Earthquakes and Injection Data: Red line indicates beginning of match filter analysis in 
the seismic record [Upper] Monthly injection data and earthquake count as a result of the match filter 
(Table 1). [Lower] Cumulative volume of injected fluid and found earthquakes shows an increase in 
seismicity and declining injection volumes. 
 
 
Conclusion 
 
 
 Using the match filter technique, this study found a significant number of previously 
unidentified earthquakes that are likely induced by anthropogenic activity. The match filter increased 
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the existing catalog (Table 2 and Table 3) by a factor of 1.5. The timing of these events follows well data 
both close to and within a larger region of where the earthquakes are observed. Due to the relatively 
small magnitude of these earthquakes, they are difficult to identify at seismometers far from the 
epicenter. This study shows the results of two seismometers. It is likely that there are more events that 
could be added to our catalog by earthquakes triggered from injection activity in the area may extend 
further spatially than the range of the two seismometers.  
Constant activity of high volume deep injection of wastewater fluid brings structures closer to 
failure. Such great increases in pore pressure leave formations susceptible to triggers such as additional 
injection activity or a remote earthquake. It is challenging to determine the exact spatial and temporal 
consequence this practice has in a regional formation. By identifying these events and extending existing 
earthquake catalogs, we can be more confident in this link.  
 
Further Research 
A velocity model of the Dagger Draw field would provide the ability to determine the focus, 
epicenter, and magnitude of the cataloged earthquakes. This would be found using methods of 
inversion with seismic data. An understanding of the depth and magnitude of these earthquakes would 
help to confirm whether or not these earthquakes were induced by local energy production. An 
investigation of changes of earthquake magnitude with amount of fluid injected into the formations 
would provide better insight to the stress conditions of the rock. 
The TA array provides continuous seismic data, however it is constrained to a two year time 
period. Injection activity has decreased slowly since 2004. Earthquakes from three New Mexico Tech 
Catalogs [Pursley et al., 2013], [Sanford et al., 2006] , and [Sanford et al., 2002], Table 1, and Table 2 
suggest an increase in seismicity. However, these additions are limited by the availability of seismic data.  
 Since the TA record spans 2008 – 2009, several questions still remain about the temporal 
relation of these earthquakes to wastewater injection. Simpson 1986 notes that it is not uncommon that 
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when injections stop, earthquakes are observed at shallower depths. Seismic data from any time beyond 
when the formations were actively injected with wastewater does not yet exist. It is possible that 
observed earthquakes beyond the period of activity could still be associated with injection. A velocity 
model of the region and an extension of the seismic record would enrich our results greatly. 
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Supplementary Material  
 
Figure 1: Spatial and temporal history of seismicity in the Dagger Draw Basin as cataloged before this 
study. 
 
[1] Magnitude of earthquakes from Sanfort et al., 2002 in the Dagger Draw basin 1962-1995. 
Earthquakes vary spatially with magnitudes.  
 
[2] Magnitude of earthquakes from Sanfort et al., 2002 in the Dagger Draw basin 1962-2002. 
Earthquakes have increased in magnitude and are more spatially concentrated around the injection 
wells. 
 
[3] Magnitude of earthquakes from Sanford et al., 2002 and Sanford et al., 2006 in the Dagger Draw 
basin 1962-2006. Earthquake swarm around the injection wells is more prominent. This suggests a 
connection between injection activity over time and observed seismicity.  
 
[4] Magnitude of earthquakes from Sanford et al., 2002, Sanford et al., 2006, and Pursley et al., 2009 in 
the Dagger Draw basin 1962-2009. Nine earthquakes in August 2008 (Table 2) are highlighted to show 
the greater magnitude and span of these earthquakes relative to prior catalogs. 
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Table 1: Found Earthquakes for TA stations 125A and 126A. Times represent station arrival times, not 
necessarily event origin time. Bold 126A earthquakes (all of them) have a corresponding 125A 
earthquake. Blue highlighted 125A earthquakes were matched to an earthquake from Table 3 [Pursley 
et al, 2013 table 3]. 
 
125A date 125A 
time 
126A 
date 
126A 
time 
03/28/08 16:51:36 06/30/08 5:58:06 
04/11/08 2:41:53 06/30/08 10:35:40 
04/18/08 21:36:01 07/02/08 18:12:29 
04/19/08 6:26:45 07/26/08 4:15:52 
04/23/08 12:09:08 01/30/09 23:01:10 
04/26/08 0:48:54 01/29/09 23:50:26 
04/28/08 2:47:34 01/30/09 1:41:20 
05/01/08 12:34:48 01/30/09 2:18:39 
05/02/08 3:52:29 02/08/09 18:22:56 
05/20/08 11:46:57 02/16/09 21:47:15 
05/21/08 2:57:49 02/20/09 3:12:57 
05/23/08 5:00:01 02/21/09 13:53:18 
05/23/08 18:03:04 01/29/09 23:50:26 
05/23/08 19:04:59 01/30/09 1:41:20 
05/23/08 19:17:57 01/30/09 2:18:39 
05/24/08 8:17:23 01/30/09 23:01:10 
06/06/08 5:22:49 02/08/09 18:22:56 
06/20/08 15:41:12 02/16/09 21:47:15 
06/26/08 20:32:51 02/20/09 3:12:57 
06/26/08 22:05:03 02/21/09 13:53:18 
06/26/08 22:49:45 05/02/09 3:49:59 
06/27/08 10:01:22 05/11/09 7:17:28 
06/30/08 5:58:06   
06/30/08 10:35:40   
07/02/08 18:12:29   
07/04/08 1:29:53   
07/04/08 2:27:35   
07/13/08 5:31:27   
07/13/08 7:51:45   
07/13/08 22:41:29   
07/13/08 23:19:19   
07/20/08 5:37:09     
07/26/08 4:15:51     
07/28/08 8:42:58     
08/05/08 7:27:44     
40 
 
08/05/08 8:25:08     
08/05/08 9:02:01     
08/06/08 9:02:13     
08/07/08 19:15:16     
08/08/08 3:04:10     
08/08/08 3:11:43     
08/10/08 23:29:24     
08/12/08 9:38:12     
08/12/08 0:41:55     
08/12/08 12:42:22     
08/12/08 15:03:32     
08/12/08 16:08:14     
08/13/08 5:17:15     
08/15/08 5:39:27     
08/16/08 6:33:08     
08/21/08 17:23:17     
08/23/08 3:28:53     
08/27/08 13:36:15     
09/07/08 7:10:54     
09/08/08 4:46:39     
09/16/08 21:08:57     
09/21/08 23:54:51     
09/22/08 22:51:49     
09/25/08 1:20:24     
09/25/08 3:21:59     
09/25/08 13:20:15     
09/29/08 5:17:35     
10/03/08 22:39:16     
10/04/08 1:37:06     
10/04/08 5:30:07     
10/05/08 4:20:32     
10/05/08 14:36:01     
10/08/08 4:39:54     
10/08/08 21:43:55     
10/12/08 1:03:39     
10/12/08 5:35:07     
10/13/08 13:52:30     
10/13/08 13:54:47     
10/13/08 16:22:11     
10/15/08 6:49:36     
10/16/08 5:18:10     
41 
 
10/16/08 12:02:32     
10/17/08 17:40:01     
10/18/08 6:36:57     
10/20/08 16:34:29     
10/21/08 11:33:03     
10/23/08 11:55:44     
10/25/08 20:25:55     
10/28/08 3:48:15     
11/14/08 8:09:43     
11/15/08 12:51:36     
11/22/08 8:04:42     
12/03/08 11:32:34     
12/05/08 17:20:45     
12/08/08 2:08:51     
12/12/08 20:48:12     
12/15/08 7:57:16     
12/17/08 23:53:04     
12/18/08 1:09:45     
12/18/08 3:03:20     
12/18/08 11:38:12     
12/18/08 13:38:32     
12/18/08 22:07:28     
12/19/08 11:14:52     
12/22/08 9:26:30     
12/31/08 4:39:01     
01/29/09 23:50:25     
01/30/09 1:41:19     
01/30/09 2:18:38     
01/30/09 2:48:45     
01/30/09 7:07:23     
01/30/09 11:30:30     
01/30/09 23:01:09     
01/30/09 23:29:04     
02/01/09 13:39:53     
02/02/09 3:13:43     
02/02/09 9:55:25     
02/05/09 21:26:08     
02/07/09 11:05:28     
02/08/09 18:22:54     
02/08/09 22:14:35     
02/11/09 13:21:13     
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02/13/09 2:03:21     
02/16/09 21:47:14     
02/16/09 23:51:25     
02/17/09 4:11:01     
02/20/09 3:12:56     
02/21/09 13:53:17     
02/23/09 6:35:12     
02/24/09 0:05:51     
03/24/09 21:40:01     
04/03/09 14:00:02     
04/27/09 10:20:58     
05/02/09 3:49:58     
05/02/09 7:07:13     
05/02/09 11:12:09     
05/02/09 21:12:26     
05/03/09 0:35:55     
05/07/09 2:54:15     
05/08/09 14:19:23     
05/11/09 7:17:27     
05/12/09 1:24:00     
05/14/09 10:49:36     
05/18/09 2:03:16     
05/31/09 7:43:15     
06/05/09 17:17:34     
06/15/09 5:23:01     
 
Table 2: Earthquakes found looking at continuous data and arrivals. Signal to Noise Ratio = 3.5. Depths 
are relative to sea level. All earthquakes used as templates for the match filter cross correlation [Jenny 
Nakai, personal communication] 
Date Time Latitude [N] Longitude [E] Depth 
[km] 
 8/12/2008  0:41:55 32.5432 -104.6196 8.9251 
 8/12/2008 12:42:23 32.5438 -104.6103 7.1848 
 8/13/2008  5:17:15 32.5455 -104.6276 11.5352 
 8/30/2008 18:21:29 32.2418 -105.4743 18.7526 
 8/01/2008  9:37:12 32.7029 -104.6177 0 
 8/01/2008  9:46:43 32.7181 -104.614 3.9988 
 8/02/2008 22:33:27 32.4102 -104.4633 8.2977 
 8/10/2008 21:28:40 32.7562 -104.3865 0 
 8/30/2008 18:26:25 32.2496 -105.4717 18.4848 
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Table 3: NM tech Dagger Draw Earthquakes [expert from Pursley et al 2013, table 3]. Events 33 – 53 
were used as templates in the match filter. 
 
 
  
Number Year Month Day Hour Minute Second  Latitude 
[N] 
Minutes Longitude 
[W] 
Minutes Magnitude 
33 2008 6 30 5 58 8.24 32 17.63 104 34.03 2.5 
34 2009 1 29 23 50 27.27 32 33.68 104 38.95 2 
35 2009 1 30 1 41 21.23 32 33.31 104 39.72 2.5 
36 2009 7 24 10 30 55.62 32 18.26 104 40.7 2.2 
37 2009 9 6 3 38 14.06 32 31 104 42.64 2.8 
38 2009 9 6 5 54 48.24 32 32.87 104 39.68 2.1 
39 2009 9 6 9 24 30.3 32 33.7 104 38.66 2 
40 2009 9 7 5 22 7.22 32 28.8 104 40.59 2.6 
41 2009 9 23 23 54 48.19 32 33.33 104 40.41 2.3 
42 2009 9 23 23 58 56.76 32 32.67 104 40.7 3.1 
43 2009 9 24 20 55 45.62 32 32.39 104 40.47 2 
44 2009 10 9 6 42 1.93 32 32.52 104 40 2.1 
45 2009 10 14 16 31 45.34 32 32.3 104 40.75 2.5 
46 2009 10 18 2 45 33.52 32 33.67 104 39.5 2.4 
47 2009 11 17 7 27 23.71 32 34.07 104 38.87 2.6 
48 2009 11 17 18 53 6.46 32 32.87 104 40.39 2.6 
49 2009 11 17 19 7 36.94 32 32.44 104 40.38 2.3 
50 2009 11 27 5 35 1.66 32 31.54 104 46.68 2 
51 2009 12 10 4 44 20.89 32 31.85 104 41.97 2.2 
52 2009 12 11 15 29 47.68 32 32 104 41.12 2.2 
53 2009 12 24 19 41 38.75 32 32.52 104 34.45 2 
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Larger Figures 
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Matlab Code 
%% Match filter templates with waveforms from a TA seismometer 
  
clear all 
clc 
clf 
close all   
javaaddpath('IRIS-WS-2.0.4.jar'); 
  
TemplateQuakes = csvread('D:\CrossCorr03022014\quakesDDrawNM.csv'); 
YMDStemplateNUM = datenum(TemplateQuakes(:,1),TemplateQuakes(:,2),... 
    
TemplateQuakes(:,3),TemplateQuakes(:,4),TemplateQuakes(:,5),TemplateQuakes(:,
6)); 
YMDStemplateSTR = datestr(YMDStemplateNUM,'yyyy-mm-dd HH:MM:SS'); 
  
%% 
for i=1:21 
  
StartTimeTemp = datestr(addtodate(YMDStemplateNUM(i), -2, 'second'),'yyyy-mm-
dd HH:MM:SS'); 
EndTimeTemp = datestr(addtodate(YMDStemplateNUM(i), 30, 'second'),'yyyy-mm-dd 
HH:MM:SS'); 
%   args: Net, Sta, Loc, Cha, Starttime, Endtime 
%   [,quality][,includePZ][,verbosity] 8/12/2008 (225) 0:41:55.347     
mytrace=irisFetch.Traces('TA','126A','??','BH*', StartTimeTemp, EndTimeTemp); 
  
% process the data : for example, plot it 
% three traces are N/S (2), E/W (1), up/down (3) 
colors=brighten(lines(numel(mytrace)),-0.33); % define line colors 
for n=1:numel(mytrace) 
  subplot(3,1,n) 
   tr = mytrace(n); 
  data=double(tr.data) ./ tr.sensitivity;    % scale the data 
  sampletimes = linspace(tr.startTime,tr.endTime,tr.sampleCount); 
  plot(sampletimes, data, 'color', colors(n,:)); 
  hold on; 
end 
  
% Lets look at the frequency content 
figure 
comp =3; 
tr = mytrace(comp); 
data=double(tr.data) ./ tr.sensitivity; 
Y = fft(data); 
n=length(Y); 
power = abs(Y(1:floor(n/2))).^2; 
nyquist = 20; 
freq = (1:n/2)/(n/2)*nyquist; 
loglog(freq,power); 
xlabel('hz'); 
title('Periodogram BHZ'); 
xlim([.01,100]); 
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%Filter and plot data 
figure 
sampletimes = linspace(tr.startTime,tr.endTime,tr.sampleCount); 
sig = detrend(data,0); 
matchsigZ = bandpass(sig,1,5,length(sig),1/40); 
plot(sampletimes,matchsigZ); 
datetick; 
  
  
%match filter for a day 
 StartTime = '2008-03-26 23:59:25'; 
StartNum = datenum(StartTime,'yyyy-mm-dd HH:MM:SS'); 
EndTime = datestr(addtodate(StartNum, 6, 'hour')); %13 
count = 1; 
  
while count <= 2165 %12993 hrs total 
    longtrace=irisFetch.Traces('TA','126A','??','BHZ', StartTime, EndTime); 
    tr = longtrace(1); 
    data=double(tr.data) ./ tr.sensitivity; 
    sampletimeslong = linspace(tr.startTime,tr.endTime,tr.sampleCount); 
    siglong = detrend(data,0); 
    tomatch = bandpass(siglong,1,5,length(sig),1/40); 
  
    CCalc= normxcorr2(matchsigZ,tomatch); 
     
    Time = (1:size(CCalc,1))/tr.sampleRate; %Change if change length of 
matching filter ... = npts in match  
  
    Timeselect = Time(CCalc>0.6); 
     
    for ii=1:length(Timeselect) 
        Timeselect(ii) = addtodate(StartNum,Timeselect(ii),'second'); 
        Timeselect(ii) = addtodate(Timeselect(ii),-
1*length(matchsigZ)/tr.sampleRate,'second'); 
    end 
     
    CCalcSelect = CCalc(CCalc>0.6); 
    Timedate = datestr(Timeselect); 
    Output = [Timeselect' CCalcSelect]; 
     
    % save to csv 
     dlmwrite('FOUNDquakesALLtemplates-126A_5_30sWINDOW.csv',Timedate,'-
append'); 
     
    % take another step 
    count = count + 1; 
    StartTime = EndTime; 
    StartNum = datenum(StartTime); 
    EndTime = datestr(addtodate(StartNum, 5, 'hour')); 
    disp(['Start=',num2str(StartTime),', End=',num2str(EndTime)]); 
end 
  
end 
% bandpass function  
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function [d]=bandpass(c,flp,fhi,npts,delt)  
%  
% [d]=bandpass(c,flp)  
%  
% bandpass a time series with a 2nd order butterworth filter  
%  
% c = input time series  
% flp = lowpass corner frequency of filter  
% fhi = hipass corner frequency  
% npts = samples in data  
% delt = sampling interval of data  
%  
n=2;      % 2nd order butterworth filter  
fnq=1/(2*delt);  % Nyquist frequency  
Wn=[flp/fnq fhi/fnq];    % butterworth bandpass non-dimensional frequency  
[b,a]=butter(n,Wn); % construct the filter  
d=filtfilt(b,a,c); % zero phase filter the data  
return; 
 
_____________________________________________________________________________ 
 
irisFetch.m and IRIS-WS-2.0.4.jar Java applet can be downloaded from  
IRIS Fetch: http://www.iris.edu/dms/nodes/dmc/software/downloads/irisfetch.m/ 
Java applet: http://www.iris.edu/dms/nodes/dmc/software/downloads/iris-ws/  
 
